The toxicological risks and lifetime cancer risks of trihalomethanes through oral ingestion, dermal absorption, and inhalation exposure from tap water in selected regions in Lebanon are estimated.
INTRODUCTION
Since the beginning of the 20th century, chlorination has been a key treatment process for improving the microbiological quality of drinking waters in urban distribution systems. However, the use of chlorine to disinfect drinking water leads to the formation of halogenated hydrocarbon by-products, which are potentially harmful to human health (Rook 1974; Bellar et al. 1974) . Among such by-products, trihalomethanes (THM) (chloroform (TCM), bromodichloromethane (BDCM), dibromochloromethane (DBCM), and bromoform (TBM)) have attracted extensive attention, as they have been found to exhibit potential carcinogenic activity in humans, namely bladder and rectum cancer (Morris et al. 1992) , and adverse reproductive outcomes such as neural tube and central nervous system defects, low birth weight, stillbirth and miscarriage (Fawell 1999; WHO 2000; Nieuwenhuijsen et al. 2000; Hwang & Jaakkola 2003) . THM are formed through the reaction of hypochlorous acid with natural organic matter in the presence or absence of bromide (Rook 1974; Bellar et al. 1974) .
In Lebanon, the two most prevalent modes of water treatment are either direct disinfection at the source (boreholes and springs), or semi-conventional water doi: 10.2166/wh.2007.046 treatment, namely screening, coagulation (mostly in winter), and filtration, followed by disinfection at centralized water treatment plants. Moreover, the most common, if not the sole, disinfection practice adopted by water authorities is chlorination using chlorine gas. No previous official investigations have been performed to assess and monitor the levels of THMs in public drinking waters of Lebanon although a large fraction of the population consumes chlorinated public drinking water, and thus may be prone to adverse health impacts due to chronic exposure to THM.
Consumption of drinking water is not only for drinking purposes but also for cooking, showering, bathing, washing, laundering, cleaning, and so forth. Therefore, for many drinking water contaminants, there is the potential for exposure and uptake not only by ingestion but also through contact with the skin (dermal absorption) or by inhalation.
Traditional risk assessments of water often consider only ingestion exposure to toxic chemicals, but scientists have proposed that inhalation and dermal absorption should be considered also in the risk assessment of drinking water (Weisel & Jo 1996; Weisel et al. 1999) .
Therefore, the purpose of this study is to conduct a multipathway exposure assessment of selected public drinking waters of Lebanon based on the concentrations of THM within water distribution systems previously investigated by the author (Semerjian 2005; Semerjian et al. 2007) .
MATERIALS AND METHODS

Sample collection and study area
To investigate the occurrence of THM within water distribution systems, a seasonal sampling program was initiated during which a total of 196 samples were collected randomly from various water sources and water distribution systems throughout Lebanon. Three sampling points were selected for each sampling location to track the water from its source to the distribution network. However, THM levels recorded in the distribution systems only were included in the risk assessment since they represented the actual THM concentrations to which the assessed population was exposed. Therefore, duplicate samples were collected into pre-cleaned 60 ml amber screw cap glass vials fitted with polytetrafluoroethylene (PTFE)-faced septa from each sampling point. Prior to sample collection, a homogeneous mixture of phosphate buffer and ammonium chloride was added to each sample vial to standardize the pH of all samples to 4.5-5.5, and to stop the action of residual chlorine thus preventing the formation of any additional THM compounds in chlorinated samples. Sample vials were filled to just overflowing without flushing out the buffer/dechlorinating agent mixture. Care was taken to ensure that no air bubbles passed through the sample as the bottle was filled, or were trapped in the sample when the bottle was sealed. All collected and preserved samples were 
Analytical methods
Within specified allowable holding times, collected samples were processed and analyzed for trihalomethanes by liquidliquid extraction and gas chromatography with electron capture detector, using EPA Method 551.1 (USEPA 1995).
This method is a reference method for chlorination by-products and is capable of speciating THM into individual compounds. A certified commercial trihalomethane calibration mix solution at a concentration of 100 mg/ml of each THM species in methanol, obtained from Supelco (Bellefonte, PA, , was used as the stock THM standard solution. Procedural calibration standards were prepared by adding appropriate volumes of the stock solution into 50-ml aliquots of buffered/dechlorinated reagent water. Decafluorobiphenyl (neat, Supelco 44-2538) was used as a certified commercial surrogate standard.
Risk assessment methodology
Typical exposure routes to THMs in tap water are ingestion, inhalation, and dermal absorption. Traditionally, risk assessments for toxic chemical exposure from water often consider ingestion solely although showering has been shown to also increase the body burden of certain chemicals by inhalation and dermal absorption; thus these need to be considered in the analysis of total human exposure to volatile contaminants in tap water (Hsu et al. 2001) . In general, a risk assessment process includes the following four components: data collection and evaluation, exposure assessment, toxicity assessment, and risk characterization.
Results are then integrated and compared to estimates of intake with appropriate toxicological values to determine the likelihood of adverse effects in potentially exposed populations (Lee et al. 2004) . In this study, two approved risk assessment models are adopted (1) the World Health Organization (WHO) index for additive toxicity, and (2) the USEPA-approved Risk Assistant model.
The WHO index for additive toxicity, I WHO , for THMs is an overall guideline value to estimate the toxic (developmental and non-carcinogenic) risk associated with chlorinated drinking water. The I WHO value should be #1 for compliance with WHO guidelines and is calculated as follows:
Where C is the surveyed concentration of each THM, and GV Table 1 .
In addition to toxic risks, carcinogenic risks of exposure to surveyed THM levels were calculated using the USEPA methodology. Carcinogenic compounds differ from toxic compounds in that there is no lower limit for the existence of risk. Thus, carcinogen risk assessment models are generally based on the premise that risk is proportional to (Miles et al. 2002; Lee et al. 2004) . Inhalation exposure occurs when the air breathed contains compounds volatilized during water usage, such as bathing, showering, washing, and cooking. Showering has been identified as the activity contributing the greatest amount to inhalation exposure to volatile compounds (Lee et al. 2004) . As a result, the calculation of cancer risks of THM through inhalation is only carried out for chloroform. In inhalation risk calculations, the daily dose was calculated by assuming 20 m 3 aspirated air per day (Lee et al. 2004) . The chloroform concentration in air used for the estimation of risk through inhalation was calculated using a volatilization factor of 0.5 as suggested by
USEPA (1991).
The following relationships were used to calculate the cancer risks for THMs through ingestion, dermal absorption, and inhalation. Exposure factors previously included in the calculations of non-carcinogenic risks were the same estimates as summarized in Table 1 . Additional exposures factors related to dermal and inhalation THM exposure are discussed in Table 2 .
THM carcinogenic risk of oral route ¼ LADD oral £ CSF oral THM carcinogenic risk of dermal absorption
Where LADD oral ¼ ½total amount ingested=body weight £ life time The USEPA risk assistant model approach
As previously mentioned, according to this USEPA model, toxicological risks are estimated and expressed as the (HQ).
Hazard quotients in the Lebanese population were estimated based on the exposure factors summarized in Table 1 . 0-1.08E-08) although computed risks were higher for males possibly due to the higher skin-surface area.
Inhalation exposure
Estimation of THM cancer risks through inhalation (during bathing) was conducted only for TCM. Computations revealed that dermal carcinogenic risks from exposure to all surveyed TCM levels were below the lower end of the range of acceptable risk by the USEPA during spring (0-7.69E-07), summer (0-3.51E-07) and winter (0-3.24E-07).
Total cancer risk of THM from multi-pathway evaluations
The seasonal average cancer risks for THM in investigated distribution networks through oral ingestion, genderspecific dermal absorption, and inhalation are illustrated in Figure 5 . The graphs indicate that the exposed population has a higher risk of cancer through oral ingestion, and that DBCM is the highest contributor, followed by BDCM, TBM, and TCM during all seasons. To understand the total risk of THM on human health through the different pathways, the total cancer risks from all three pathways and during the various seasons are summarized in Table 5 . Total multipathway cancer risks suggest that no cancer risks exist during the summer and winter seasons; however, in the spring the total cancer risk exceeds the USEPA acceptable level of 10 26 by a factor of 10.7.
CONCLUSIONS
The study evaluated the association between THM exposure through three different pathways and lifetime cancer risks in selected regions in Lebanon. Results indicate that a higher risk of cancer may exist through oral ingestion. In fact, 90.3-100% of investigated networks, depending on the season, exceed the set USEPA range of concern for an increased carcinogenic risk of 10 26 for at least one THM species. In
Lebanon, DBCM and BDCM posed a higher cancer risk in the exposed population than did TBM, and TCM. Dermal and inhalation carcinogenic risks from exposure to all surveyed THM levels were below the lower end of the range of acceptable risk by the USEPA for both males and females. A total multipathway cancer risk analysis suggested that no cancer risks exist during the summer and winter seasons, however, in the spring the total cancer risk exceeds the USEPA acceptable level of 10 26 by a factor of 10.7.
Non-carcinogenic risk assessment for THM was also 
